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Abstract. Mussels were collected from deep-sea hydro-

thermal vents along the Mid-Atlantic Ridge. Specimens

from the Snake Pit site were previously identified geneti-

cally and anatomically as Bathymodiolus puteoserpentis,

but the relationships of mussels from other sites (Logatchev

and Lucky Strike) were unclear. Molecular genetic and

morphological techniques were used to assess differences

among these mussel populations. The results indicate that

the range for B. puteoserpentis extends from Snake Pit to

Logatchev, and that an unnamed second species, B. n. sp.,

occurs at Lucky Strike. Analysis of mitochondria] NADH
dehydrogenase subunit 4 (ND4) revealed 13% sequence

divergence between the two species. Nei's genetic distance

(D) based on 14 allozyme loci was 0.112. A multivariate

morphometric analysis yielded a canonical discriminant

function that correctly identified individuals from these sites

to species 95% of the time.

Introduction

Modioliform mussels that depend wholly or in part on

symbiotic bacteria for their nutriment are common constit-

uents of biological communities associated with deep-sea

hydrothermal vents and cold-water sulfide/hydrocarbon

seeps throughout the world. Eight species of these mussels

were known to occur in vent and seep environments in the

Atlantic and Pacific Oceans (Desbruyeres and Segonzac,

1997). Recently, five new species, including one new genus.
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were described from hydrocarbon seeps in the Gulf of

Mexico (GOM) (Gustafson et /., 1998). The new COM
species were first identified in an allozyme study aimed at

describing genetic diversity in these mytilids (Craddock et

til., 1995a). This study also recognized two genetically

distinct populations of mussels from the Mid-Atlantic Ridge

(MAR; Fig. 1). The degree of divergence between mussels

from the Snake Pit (2322'N) and Lucky Strike (3717'N)

localities (Nei's D = 1.179) led the authors to suggest that

two distinct species occupied the MAR. Von Cosel and

coworkers (1994) described the mussels from Snake Pit as

a new species, Bathymodiolus puteoserpentis. On the basis

of morphological comparisons, they subsequently suggested

that mussels from Lucky Strike should be recognized as a

distinct species, but to date the Lucky Strike mussels remain

unnamed (von Cosel et /., 1997). We refer to the second

MARspecies as B. n. sp. for the present purposes. Von

Cosel et al. (1997, p. 146) also suggested that mussels from

the southernmost MARlocality (Logatchev; 1445'N) "be-

long to another new species, which is however extremely

close to B. puteoserpentis . . . only an electrophoretic anal-

ysis could determine the distance between this new (e.g.,

Logatchev) species and B. puteoserpentis."

The purpose of this study was to clarify evolutionary

relationships among these MARmussels. We examined

mitochondria! DNA sequences and allozyme variation in

new samples collected from Lucky Strike, Snake Pit, and

Logatchev during July 1997 (Fig. 1; Table 1). We clearly

show that the Logatchev population and B. puteoserpentis

are genetically identical and do not warrant separation as

distinct species. In addition, we clarify the genetic distances

between the two known Mid-Atlantic Ridge species.
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Figure 1. Geographic locations of Bathymodiolus collection sites

along the Mid-Atlantic Ridge. Major fracture zones (F.Z.) are shown.

Materials and Methods

Specimens

Using the deep submergence vehicle Alvin 's mechanical

claw, samples were collected along the MAR(Fig. 1. Table

I) in July 1997. Once aboard the support vessel Atlantis, we

placed the specimens in 4C filtered seawater. Mytilids

were then either dissected or frozen whole. For dissected

specimens, gill, mantle, adductor muscle, and tissue mass

were frozen at 70C in labeled bags; shells were then

measured and labeled. All samples were brought back to

Rutgers University on dry ice and stored at 80C until

they were prepared for genetic analysis.

DNA extraction, polymerase chain reaction, and

sequencing

Whole cellular DNAwas isolated by digesting 0.05-0.1

g of frozen tissue following a hexadecyl-trimethyl-ammo-
nium bromide (CTAB) protocol (Doyle and Dickson, 1987),

followed by a phenol extraction and ethanol precipitation

(Sambrook et ai. 1989). Purified nucleic acids were rehy-

drated in IX TE buffer (10 mMTris-HCl. pH 7.5: 1 mM

EDTA) to a final concentration of 100-500 ng/jul and stored

for short periods at 4C and for longer periods at 20C.
An approximately 710-bp region of the mitochondria was

amplified using primers designed to amplify ND4-L in fish.

Arg BL (5'-CAA gAC CCTTgA TTT Cgg CTCA-3') is in

the tRNA arginine (Bielawski and Gold, 1996) and NAP2H

(5'-Tgg AgC TTC TAC gig A/ggC TTT-3') is within

ND4 itself ( Arevalo et al., 1994). Comparison of the result-

ing sequences via BLASTN (Altschul et ai, 1990) and

BLASTP (Altschul et al., 1997) searches of GenBank se-

quences indicated that these primers amplified tRNA-Met,

tRN A-Val, and the first third of ND4 in Bathymodiolus. The

50-ju.l amplification reaction contained 100-500 ng tem-

plate DNA. 2.5 mMMgCK. 20 p.M dNTP (5 pM each

nucleotide), 0.4 ju,/W of each primer, 1.5 units Taq poly-

merase, and 5 jul 10X buffer (Promega, Madison, WI).

The polymerase chain reaction (PCR) profile (95C/45s,

56C/45s, 72C/min) continued for 35 cycles, with an initial

denaturation at 95C/2 min and a final extension at 72C/7
min. Negative controls were included with each set of

amplifications.

PCR product (5 ju,l) from each set of reactions was

viewed on a 1% agarose gel stained with ethidium bromide,

and the remaining 45
/u,l

was extracted once with chloro-

form/isoamyl alcohol (24:1) and precipitated with 22.5 /xl

8 M ammonium acetate (pH 5.8) and 90 /al cold 100%

ethanol. Sequencing reactions were performed for each in-

dividual with both the heavy and light strand primers used

for amplification. Weused 60-70 ng of template DNAin a

10-/J,! sequencing reaction containing 4.25 /xl FS mix (Ap-

plied Biosystems, Foster City, CA), 0.2 fj.M primer, and

sterile distilled H2 O. The cycle-sequencing profile (95C/30

s, 50C/15 s, 60C/4 min) continued for 25 cycles. Electro-

phoretic separations of the sequencing reactions were per-

formed on a Perkin-Elmer ABI 373 DNAsequencer (Foster

City. CA).

The 507-bp ND4 sequence was edited and aligned in

Auto Assembler (ver. 1.4.0. Applied Biosystems) and Se-

quence Navigator (ver. 1.0.1. Applied Biosystems). Trans-

Table I

Mussel samples collected during July 1997 along the Mid-Atlantic Ridge (MAR)
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Table II

En-yme buffer combinations used in ullozyinc electrophoresis

En/yme Loci Butter x\stem

Aspartale aminotransterase
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A.

ATG TGT ATA GTG CTT TTA GGGGTT TTA GGG GTT CTAGAG GTATCG GTT GCT GGC 54

TTT TCT TTG CTT GGG GTGCTA GCT ATG CCT TTG TTT CTG TCC GGA AGG TGC TCT 108

GAA ATA AAC GGTATG TTT AAT TTG GAT TTT TCG GGGCAG ACT CTGGTA ATT CTT 162

AGA ATC TAT ATC ACT TTT TTA ATA TTA ATG GGGAGG GTC ACA GTG TCT CGG TTT 216

ACT GCATTT AAT AGG CTT ATT GTT TGC ATT GGT GCT TTG TTG GTCGGT GCC TTT 270

ACT GTT AGG GTT ACT TTC CTT TTC TTC GTT CTT TTT GAG GGCGTT TTG TTT CCC 324

ACT TTG CTG TTA ATT GTT GGA TGG GGGTAC CAG CCG GAG CGT TTA CAG GCA GTT 378

GTT TAT ATA GTT ATT TAC ACT GTT ATA GGGTCC CTA CCC CTT TTA TAT GGC TTG 432

GGA AAA CTT TAT TTT CAT GAC GGGAGA GAC AAT TTA TTT AGG TTG GAA TTT GTT 486

CTT GAC AAA ACT ATT TTA AGG 507

B.

1111111111111112222222222223333344444444444455
234557789999990001234455788891233566777881445600112233578900
425453851345692567851817437906858157069182251058176925644212

Al ( 3 ) CGATCTCCTACTTCATATGCAGTGTGCGGCCGATTTCCACTTGTTTGAATCTAGAATTCT
A2 ( 1 ) ........................................................... C

A3 ( 1 ) . . . C ........................................................

Bl (3,3) TTGCTCTTCGTCCAGCTCATGACACATAATTAGCGCTTGTCCTAGGAGCCTCGAGGGCT.

B2 (0,1) .................................................. C .........

B3 (0,1) ................................. T ..........................
AAA * * * ****

C.

11334556788896
19263034904942

Al,2,3 (5) GLLTSAVWIVSAF

Bl,2 (3,4) VFSSNTIMIVAAW
B3 (0,1) V. . .

Figure 3. Mitochondria! ND4 haplotypes of the Bathvmodiolus mussels on the Mid-Atlantic Ridge.

Haplotype A corresponds to B. n. sp. and haplotype B to B. puteoserpentis. For haplotype A. numbers in

parenthesis indicate the number of sequences for the Lucky Strike site. For haplotype B, the first number in

parenthesis is the number from the Snake Pit site and the second is the number from the Logatchev site. (A)

complete sequence for B. puieoserpentis. haplotype Bl; (B) Nucleotide positions that differ between haplotypes;

* indicates non-synonomous substitutions; (C) presumptive amino acid residues that differ between them.

three minor variants that differed by one (Al, A2) or two

(A2, A3) synonymous substitutions. Haplotype B included

variants that differed from each other by one synonymous
substitution (B!, B2) and differed from a third (B3) by one

non-synonymous substitution. The percentage sequence di-

vergence within the two major haplotypes was 0.27%.

Population sun'ey (PCR-RFLP)

Given small sample sizes, ihe mtDNA sequence informa-

tion did not exclude the possibility of the alternative hap-

lotype also occurring at these putatively monotypic locali-

ties. To increase the sample size, we used a six-base cutter

enzyme, Cac% I, that produced diagnostic fragment profiles

for each major haplotype (Fig. 4). With the added RFLP

information, our samples were increased to 12-16 individ-

uals per locality (Table I), 31 specimens total. No additional

variation was found within localities.

Allozymes

To quantify within-locality variation, we examined 14

allozyme loci (Table II) that previously were used to dis-

criminate among the MARmytilid species (Craddock et ai,

1995a). Hardy-Weinberg testing of 10 to 11 polymophic

loci in each population revealed no significant deviations
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Table III

Genetic distances and standard errors (in parentheses) hctu'ccn

Mid-Atlantic Ridf>e Buthymodiolus species
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Table V

Correlation matrix of six morphological characters (natural log transforme d) from Mid- Atlantic Ridge Bathymodiolus species

Variable H W U PC-1 PC-2

L
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basis for separating the two B. puteoserpentis samples.

Clearly, mussels from the Logatchev locality should be

considered B. puteoserpentis.

The present genetic and morphometric analyses are con-

sistent with recognition of B. puteoserpentis and B. n. sp. as

distinct species. These mytilids typically express extreme

morphological variability that may result from living in

microhabitats that differ greatly in temperature and water

chemistry (von Cosel et al., 1997). Although we found some

overlap in morphometric characteristics of the two species,

discriminant analysis provided a useful basis for separating

them 95% of the time. Dubious individuals, and possibly

intergrades, can be identified with the application of molec-

ular methods. First, mtDNA haplotypes based on a 507-bp

portion of the mitochondrial ND4 gene unequivocally dis-

tinguished between the two species. Sequence divergence

between B. puteoserpentis and B. n. sp. was 13%. This value

is consistent with interspecific levels of divergence found in

parallel studies of other deep-sea modioliform species

(Maas et <;/., unpubl. data).

In contrast, the present degree of allozyme divergence

between B. puteoserpentis and B. n. sp. (D = 0.1 12) was

low compared to an earlier report (D =
1 . 1 79) for mussels

from Snake Pit (B. puteoserpentis) and Lucky Strike (B. n.

sp.), (Craddock et al., 1995a). This discrepancy can be

explained by the larger sample sizes in the present study.

Although the "number of individuals to be used for estimat-

ing genetic distances can also be very small if the genetic

distance is large and the average heterozygosity of the two

species compared is low" (Nei, 1978, p. 583), these criteria

were not met in the light of present information. Wefound

that heterozygosity was high and genetic distance was low;

therefore, the earlier study confounded intraspecific varia-

tion with interspecific differences.

We are currently using the ND4 haplotypes to better

define the ranges of B. puteoserpentis and B. n. sp. from

additional MARlocalities (Fig. 1 ). Preliminary data indicate

that B. n. sp. is present at northern localities including the

Menez Gwen, Lucky Strike, and Rainbow hydrothermal

vent fields, and that B. puteoserpentis occurs at southern

localities including Snake Pit and Logatchev. Preliminary

mitochondrial information indicates that both species may
occur at an intermediate locality. Broken Spur; however,

additional work with allozymes is needed to determine

whether the two species intergrade at this site. Several

ecological factors contribute to separation of the two MAR
species. The northern localities with B. n. sp. are at shal-

lower depths, ranging from 869 m to 2303 m; the southern

localities, with B. puteoserpentis, are at greater depths,

ranging from 3080 m to 3480 m (Table I). Ridge offsets

associated with transform faults create barriers to dispersal

and prevent mixing of some deep-sea vent species (Van

Dover. 1990). Three transform faults (Oceanographer at

35N, Atlantis at 30N, and Kane at 24N) may slow

dispersal between the northern and southern localities. It is

worth noting that the Broken Spur site (2910'N) occurs

between the Atlantis and Kane Transform Faults, and that it

may contain both MARspecies, but mussels were very rare

at Broken Spur in 1997. Wefound no mussels at the nearby

TAGhydrothermal mound, although a few were previously

observed there. It is possible that this intermediate zone

(35N to 24N) provides an unsuitable habitat for either

species of mussel, although other vent-endemic fauna (e.g.,

Rirnicaris exoculata) are abundant at these sites (Van Do-

ver, 1995).

Ridge offsets do not appear to provide significant barriers

to dispersal for most vent organisms with a free-swimming

larval stage (Vrijenhoek, 1997). For example, in the eastern

Pacific, the mussel Bathymodiolus thermophilus and the

vesicomyid clam Calyptogena magnified showed relatively

little differentiation and high rates of gene flow among sites

along the East Pacific Rise and Galapagos Rift (Craddock et

al., 1995b; Karl et al., 1996). All the eastern Pacific sites

occurred at about the same depth (-2500 m), however.

Because we have no reason to believe that the Mid-Atlantic

mussels' dispersal abilities differ from those of B. ther-

mophilus, it is possible that depth may provide a more

fundamental barrier to dispersal than ridge offsets. Weare

currently engaged in a more detailed study of gene flow and

dispersal in the MARmytilids.
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